Introduction
The clinical entity of temporal lobe epilepsy (TLE) may be considered fairly well defined [1] and hippocampal sclerosis (HS) plays a leading role in the genesis of seizures in most patients with TLE [1, 2] . Surgery is currently accepted as an effective and safe therapeutic approach when seizures are not adequately responsive to medical treatment [2] . It is well established that short-term seizure outcome after epilepsy surgery for TLE-HS is favourable****, with a high percentages of seizure freedom, ranging from 70 to 90% [3] [4] [5] . Although less good, data coming from 5 yearsfollow-up studies are fairly similar, showing a seizure freedom rate of 50-75% in different series [6] [7] [8] . However, recent data suggest that the long-term seizure outcome after surgery is less encouraging, with many studies reporting seizure freedom rates of 40-55% at 10 years [6, 9, 10] . In the largest and longest prospective study of epilepsy surgery, in which the cohort consisted mainly of TLE patients who underwent temporal resections, the probability of being entirely seizure free after 5 and 10 years was 52% and 47%, respectively [11] . A few other studies found better results, with sustained long-term seizure freedom after surgery of 71-72% [7, 8] . Moreover, late seizure recurrence is not uncommon [6, 9] and little is known about its risk factors, prognosis, and management. Therefore, correct prediction of postoperative seizure outcome is of prime importance in selecting patients with drug-resistant TLE. Several papers reported that HS is frequently associated with other temporal lobe abnormalities beyond the hippocampus [12] [13] [14] , which suggests, in some cases, a more widespread anatomical substrate for the epileptogenesis. Several authors reported that ipsilateral temporal atrophy (TA) with temporopolar grey/white matter abnormalities (also called 'temporopolar blurring', TB), are often found in brain MRI images of many patients with TLE-HS [15] [16] [17] [18] [19] [20] . TB is described as hyperintensity of signal in the white matter together with loss of grey/white matter demarcation on T2-weighted and fluid attenuation inversion recovery (FLAIR) sequences [15] [16] [17] [18] [19] [20] . Although TB may be a neuroradiological marker of a focal cortical dysplasia [21] , a recent study, using high-field (7 T) MRI combined with light and electron microscopy of surgical specimens resected from nine drug-refractory patients with TLE and HS, provided evidence that TB is caused by the degeneration of fibre bundles, suggesting a slowly evolving chronic degeneration with the redistribution of the remaining fibres [22] .
The clinical significance of TB has not yet been fully elucidated. On one hand, some studies reported a significantly higher success rate of surgery in patients with TLE-HS with TB than in patients without this abnormality [15, 23] , or no TB-related differences in preoperative and postoperative scores on neuropsychological tests [24] . On the other hand, several studies showed that the proportion of seizure-free patients was the same in those with and without TB [22, 24] , or that patients with TB showed lower scores on neuropsychological tests than those without TB [22] . Moreover, no study, to our knowledge, investigated the clinical significance and prognostic value of TA in terms of seizure outcome after surgery. With the aim to shed further light on these issues, we investigated the clinical and neuropsychological characteristics of patients with TLE-HS with temporopolar abnormalities who had surgery due to drug-resistant epilepsy, and we examined the association between these abnormalities and long-term postoperative seizure outcome.
Methods

Patient population
The study was performed at the Epilepsy Surgery Center of the Neuromed-IRCCS neurological institute, Pozzilli, IS, Italy. We retrospectively included all patients affected by drug-resistant TLE and radiological evidence of hippocampal sclerosis who undergone resective surgery (anterior temporal lobectomy, ATL) between January 2004 and December 2008, had histologically proven HS, and were followed up for at least 5 years. All these patients had 1.5 T MRI scans available for revision. The patients operated on before January 2004 could not be included in the study because their MRI images were not available for revision. In order to work on a homogeneous sample, we did not include in the present study the small number of patients operated on after December 2008 who had at least 5 years of follow-up, because from January 2009 onwards all MRI scans were performed by using a 3 T MRI magnet. Before surgery, all patients underwent a noninvasive diagnostic work-up described in detail elsewhere [4, 25] , including, synthetically: (1) detailed medical history and neurological examination; (2) continuous long-term intensive, diurnal and nocturnal Video-EEG monitoring (Telefactor Corp, Conshohoken, PA, USA); (3) neuropsychological evaluation; (4) psychiatric evaluation; and (5) 1.5 T brain MRI scan. For each case, the decision for ATL was made after discussion in a multidisciplinary case conference, with the aim of evaluating the concordance between electro-clinical and anatomical data.
Histology
The removed brain tissue was submitted for pathological examination in all cases. The resected temporal pole and hippocampus were fixed in 4% paraformaldehyde buffered solution. After 24 h, the temporal pole and neocortex were cut into 4-6 coronal sections and post-fixed in the same solution for 4-5 days. Alternate sections were embedded in paraffin. For routine histological examination, 7-mm thick sections were cut and stained with haematoxylin and eosin and/or luxol fast blue. Additional serial sections were processed for immunohistochemistry using antibodies against glial fibrillary acidic protein (GFAP; 1:200 Roche), non-phosphorylated neurofilaments (Roche, prediluited), and neuron-specific nuclearprotein (NeuN; 1:500; Millipore). The immunoistochemistry was performed automatically by Benchmark XT (Roche). Quantification of the degree of gliosis and possible inflammatory changes in the white matter of all the samples was performed. The white matter neuronal density was estimated by counting NeuN-positive neurons in the depth of the white matter. Finally, the hippocampus was kept separate and processed for neuropathological examination to confirm the presence of HS, defined as a loss of neuronal cells of 30% or more in the CA1 region of hippocampal formation with or without neuronal loss or gliosis involving other mesial temporal structures [26] .
Patients with histological evidence of HS associated with other gross lesions (tumors, Taylor's focal dysplasia, vascular malformation and scar, etc.) were excluded from the study.
Preoperative 1.5 T magnetic resonance imaging
All of the MRI studies were performed using 1. The exams were visually and qualitatively reviewed independently by two experienced observers (A.D.A and G.G.) who were masked to the patient's clinical data and postoperative seizure outcome. In absence of agreement, MRI images were reviewed and discussed until consensus was reached. HS was qualitatively diagnosed by means of the comparative visual detection of atrophy and loss of definition of the internal structures of the hyppocampal formation and increased signal intensity in the T2-weighted images. According to Garbelli et al. [22] and Naves et al. [24] , the criteria for TB definition were increased signal intensity in the white matter together with loss of grey/white matter demarcation of the temporal pole on coronal T2-weighted and FLAIR images (Fig. 1) . Also, the presence of TB atrophy was also assessed. The boundaries of the temporal pole on MRI were defined according to Coste et al. [18] and Naves et al. [24] , with the posterior limit defined by the first coronal section intersecting the uncinate bundle.
Neuropsychological evaluation
All patients underwent a neuropsychological assessment before and about 5 years after surgery [27] . The battery included several tests focusing principally on memory but covering also other cognitive domains. Verbal memory was assessed with the Rey Auditory Verbal Learning Test (RAVLT) (with immediate and delayed recall after 15 min) [28] , the Story Recall (SR) (with immediate and delayed recall after 15 min) [28] , and the Digit Span (direct form) (DS) [29] . Visuo-spatial memory was assessed with the Rey-Osterrieth Complex Figure Test (ROCFT) [28] [29] [30] [31] [32] (with immediate and delayed recall after 15 min), and the Corsi Blocks Sequence Learning Test (direct form) (CBSLT) [33] [34] [35] . Moreover, global intellectual ability was assessed with the Raven's Coloured Progressive Matrices (CPM) [36] and the Weschler Adult Intelligence scale (WAIS-R) [37] , language comprehension with the Token Test (TT) [38] , and executive functions with fonemic and semantic Verbal Fluency (fVF, sVF) [39] and Trail Making Test (TMT) [40] .
Surgical procedure
All resections consisted in ATL and were performed for strictly therapeutic reasons after the patients had given their informed consent. The resection included the amygdala and en bloc excision of the hyppocampal formation and parahyppocampal gyrus. The extent of the neocortical excision was approximately 3 cm for all the first three temporal gyri. All operations were carried out under general anaesthesia by the same neurosurgeon (V.E.).
Outcome
Seizure outcome was determined according to Engel's classification [41] by the patient's report to the neurologist during follow-up visits performed about 2 months, 1 year, and then at yearly intervals after the operation. During the first year of follow-up, the medication regimen was not changed in any patient. Subsequently, in patients who were both seizure/auras and interictal epileptiform discharges-free on EEG, antiepileptic drugs were gradually discontinued one at a time over a period of 12-24 months.
Statistical analysis
All analyses were performed with SPSS for Mac, version 20.0. All statistical tests were two-tailed, with alpha set at 0.05. In order to measure agreement between raters about the presence or absence of temporopolar abnormalities, we calculated Cohen's Kappa coefficient, which is a measure of agreement after chance agreement (50% in this study) is removed. Then, a descriptive analysis was used to study the frequency distribution of all variables of interest.
Subsequently, the x 2 test (with Yates' correction for 2 Â 2 tables) or Fisher's exact test was used as appropriate to analyse differences in categorical variables between participants with and without MRI abnormalities, while the t-test was used to analyse differences in continuous variables.
To describe the neuropsychological outcome, we considered the two main verbal and visuospatial memory tests, i.e., the RAVLT and the ROCFT (both immediate and delayed recall), respectively. Repeated measures analysis of variance (RM-ANOVA) was used to test for significant changes over time in RAVLT and ROCFT scores, and for the interaction between time and TA and TB.
Subsequently, we performed multiple logistic regression analysis to identify the variables that were independently associated with TB or TA. To this purpose, we included in the models all the variables that showed nearly significant associations with TB or TA in univariate analysis. As the inclusion in the same model of both age at onset and duration of epilepsy together with age at surgery was impossible due to collinearity problems, we decided to include age at surgery (as an index of chronicity), age at epilepsy onset (as an index of developmental hindrance), and side of surgery as predictors, while either TB or TA was entered as dependent variable.
Also, to investigate whether the clinical factors associated with TB or TA explained the differences in preoperative scores on neuropsychological tests that were found to be significant in univariate analysis, we constructed a number of general linear models. In these models, side of surgery and either TB or TA were included as fixed factors, whereas and age at surgery and age at onset were included as covariates.
Results
Patient characteristics
A total of 243 patients affected by drug-resistant TLE underwent ATL between 1999 and 2008; histopathology was available for all patients and certified the diagnosis of HS without any other principal lesion in 142 patients. Two of these patients died for epilepsy-unrelated reasons during the first 5 years of follow-up, another patient was lost to follow-up after the first year, and 2 patients were excluded because had at histopathological examination a main lesion other than HS (one patient had low grade tumour and the other one had Taylor's focal dysplasia).
Therefore, a total of 60 out of 137 patients were included in the study. Nineteen (32%) of them were male and 41 (68%) female. Their mean age was 37.9 years (SD = 9.5, range , and the mean duration of epilepsy was 24.2 years (SD = 12.3, range 2-48). Thirty-three (55%) had right TLE, and 27 (45%) left TLE. All patients attended all scheduled follow-up visits, with a mean follow-up period of 7.3 years (SD = 1.5, range 5-10). The preoperative neurological examination was remarkable for focal signs only in two patients (3%). Eleven patients (18%) had mental retardation (IQ < 70 at the Wechsler Adult Intelligence Scale), while 18 (30%) had a history of sGTCS. Preoperative seizure frequency was monthly in 26 (43%), weekly in 27 (45%), and daily in 7 (12%) patients.
Histopathological findings
The diagnosis of HS was confirmed in all 60 patients included in the study. Histological abnormalities of temporal cortex were reported in 20 out of 60 patients (33.3%): 3/17 (17.6%) in no TA/TB group (2 with subpial Chaslin's gliosis and 1 with subpial Chaslin's gliosis and ectopic neurons in the white matter), 3/6 (50%) in TA group (1 with subpial Chaslin's gliosis, 1 with ectopic neurons in the white matter and 1 with ectopic neurons in the white matter and abnormal aggregation of oligodendroglia), 0/8 in TB group and 14/29 (48.3%) in TA/TB group (6 with subpial Chaslin's gliosis, 1 with subpial Chaslin's gliosis and abnormal aggregations of oligodendroglia, 1 with subpial Chaslin's gliosis and ectopic neurons in the white matter, 1 with amylaceous bodies; 3 with ectopic neurons in the white matter, 1 with higher myelin density and 1 with expansion of the perivascular spaces).
MRI findings
Preoperative MRI revealed TB in 37 and 35 TLE-HS patients, according to the first (A.D.A.) and second (G.G.) independent rater, respectively. There were six cases of disagreement that were discussed until consensus was reached, yielding a total of 37 cases with blurring. The inter-rater agreement was high, as indicated by a Kappa coefficient of 0.79 (p < 0.001).
Regarding TA, according to the first (AD) and second (GG) independent rater it was present in 35 and 37 cases, respectively. There were two cases of disagreement that were discussed until consensus was achieved, yielding a total of 35 cases with TA. The inter-rater agreement was very high, as indicated by a Kappa coefficient of 0.93 (p < 0.001).
There was a high degree of overlap between TB and TA, as 29 out of 37 (83%) patients with TB showed also TA (p < 0.001). Table 1 summarizes the socio-demographic and clinical characteristics of patients who had temporopolar abnormalities and those who did not. Table 2 showed preoperative neuropsychological scores on different tests.
Variables associated with MRI abnormalities
Patients with temporopolar abnormalities did not significantly differ from those without TB with regard to presence of febrile convulsions, age of epilepsy onset, GTCSs, side of surgery, seizure frequency at surgery, and, in particular, seizure outcome (about 70% of patients in Engel Class Ia in both groups) ( Table 1 and Fig. 2 ). On the other hand, they were significantly older (40.9 AE 9.3 vs. 33.1 AE 7.8, p < 0.01) and had a longer duration of epilepsy (29.0 AE 10.9 vs. 16.4 AE 10.6, p < 0.001). Similar findings were observed for TA. In a multiple logistic regression model including age at surgery, age at epilepsy onset, and side of surgery as independent variables, and TB as dependent variable, both age at onset and age at surgery were found to be significant predictors, while side of surgery fell short of significance. In a similar regression analysis with TA as dependent variable, only age at onset was found to be a significant predictor. The results of regression analysis are presented in Tables 3 and 4. Before surgery, patients with TB they performed poorly on a number of neuropsychological tests, namely the SR immediate (5.9 AE 1.5 vs. 7.0 AE 0.7, p < 0.01) and delayed recall (5.9 AE 1.1 vs. 6.8 AE 0.8, p < 0.01), the Trail B (5.9 AE 1.1 vs. 6.8 AE 0.8, p < 0.05), and the B À A (72.3 AE 43.1 vs. 48.5 AE 28.2, p < 0.05). Similar findings were observed when patients with TA were compared with those without atrophy except for sVF, where patients with TA performed lower than those without TA (31.6 AE 7.7 vs. 37.5 AE 9.7, p < 0.01). General linear models including side of surgery and either TB or TA as fixed factors, and age at surgery and age at onset as covariates, corroborated the findings of univariate analysis, while also showing that factors other than temporopolar abnormalities contributed to explain the differences on neuropsychological test scores. Regarding the SR immediate recall, in the TB model there was a trend for age at onset (p = 0.06) and age at surgery (p = 0.08) to be positively and negatively associated with SR scores, respectively, whereas no significant association was found for TB and side of surgery (p = 0.12 and 0.85, respectively). In the TA model, age at onset was associated with SR scores (p = 0.02), there was a trend for TA (p = 0.08) and age at surgery (p = 0.06) to be associated with lower SR scores, whereas no significant association was found for side of surgery (p = 0.76).
Concerning the SR delayed recall, in the TB model age at surgery was negatively associated with SR scores (p = 0.02), whereas no significant association was found for age at onset, TB, and side of surgery (p = 0.36, 0.10, and 0.54, respectively). In the TA model, both age at surgery (p = 0.02) and TA (p = 0.04) were significantly associated with lower test scores, whereas no significant association was found for age at onset and side of surgery (p = 0.18 and 0.91, respectively).
As for the B À A test, in the TB model TB just fell short of significance (p = 0.050), whereas no significant association was found for age at onset, age at surgery, and side of surgery (p = 0.76, 0.37, and 0.09, respectively). In the TA model, no variable was found to be associated with scores on the B À A test (p = 0.20, 0.81, 0.15 and 0.25 for age at surgery, age at onset, TA, and side of surgery, respectively).
Finally, the findings of lower TMT-B and sFV scores in patients with TB and TA, respectively, were confirmed by multivariate analysis. In the TMT-B model, only TB was found to be significantly associated with lower scores (p = 0.04), whereas age at surgery, age at onset, and side of surgery were not (p = 0.24, 0.78, and 0.12, respectively). In the sFV model, only TA was found to be significantly associated with lower scores (p = 0.01), whereas age at surgery, age at onset, and side of surgery were not (p = 0.69, 0.67, and 0.14, respectively).
Concerning memory outcome, RM-ANOVA did not reveal significant changes over time in scores on either the RAVLT or the ROCFT (both immediate and delayed recall). Also, no significant time Â TB or time Â TA interaction was found, which indicates that ATL did not lead to any significant change in verbal and Fig. 2 . Seizure/aura freedom after surgery in patients with TLE-HS included in the study (TLE, temporal lobe epilepsy; ATL, anterior temporal lobectomy; HS, hyppocampal sclerosis; TB, temporal blurring; TA, temporal atrophy).
visuospatial memory, and that temporopolar abnormalities did not affect how scores on memory tests changed after surgery.
Discussion
In this study, the presence of temporal pole abnormalities, namely TB and TA, did not predict seizure outcome in drugresistant TLE-HS patients followed up for more than 7 years, on average. While the patients showing TB and TA did not differ from those without these abnormalities with regard to history of febrile convulsions, presence of GTCSs, side of surgery, and seizure frequency at surgery, they were significantly older, had a longer duration of epilepsy, and displayed lower preoperative scores on several neuropsychological tests. Multivariate analysis corroborated the association between temporopolar abnormalities and age at onset, age at surgery (for TB only), and lower preoperative scores on some neuropsychological tests.
In line with the range of frequencies reported in literature [15, 17, 24, 42] , temporopolar abnormalities were observed in more than half of patients, and were always ipsilateral to HS [17, 19, 22, 42, 43] . Therefore, they may play a role in lateralizing the temporal epileptogenesis [20, 44] .
Several studies showed an association between TB and earlier seizures [15, 19, [22] [23] [24] 42] . In two previous studies, patients with TB had younger age at epilepsy onset, although the finding did not reach statistical significance [17, 21] . Also, Mitchell et al. [19] in a paediatric population found that patients with TB were more likely to have either epilepsy onset or cerebral insults before the age of 2 years. Naves et al. [24] reported a similar finding in adult patients. In our study, patients with TB showed a tendency to have younger age at epilepsy onset. In general, studies of adult (or mixed) populations indicate a mean age of 7-8 years at onset [22] for TLE patients with TB, slightly lower than that of our patients. According to Mitchell et al. [19] , these differences in age at epilepsy onset in TB group should be interpreted with caution as clinical details of early seizures are often vague and not well remembered when obtained in adulthood.
Consistently with a previous study [22] , patients with temporopolar abnormalities displayed longer duration of epilepsy, which suggests that the cumulative damage due to chronic seizures in the course of epilepsy may play a role in causing TB. Indeed, inhomogeneous staining of the white matter with the presence of axonal degeneration and a significant reduction in the number of axons were recently reported in patients with TB [22] . These findings were interpreted as suggesting that TB is a slowly evolving chronic degeneration with the redistribution of the remaining fibre bundles caused by early onset epileptogenic discharges and subsequent persistent seizures. Other authors [24] , based on an earlier occurrence of the seizures in TB patients, suggested that TB is caused by seizure-related insults in the first years of life. However, in previous adult studies not all TLE patients with early epilepsy onset showed temporopolar abnormalities, and not all TLE patients with temporopolar abnormalities had early seizures. Moreover, most studies, including ours, failed to show a higher frequency of history of febrile seizures in patients with temporopolar abnormalities [19, 21, 22] . Thus, other factors such as genetic susceptibility, number and intensity of seizures in the critical period of myelination process, and normal variations of the period of active myelination may play a role in the genesis of temporopolar abnormalities.
In univariate analysis, patients with temporopolar abnormalities scored lower on several neuropsychological tests. In particular, patients with temporopolar abnormalities performed lower on memory (SR), attention (TMT), and executive functions (sVF) tasks than those without MRI findings in temporal pole. While multivariate analysis suggested that developmental hindrance (age at onset) and chronicity (age at surgery) contributed to explain the differences on neuropsychological test scores, temporopolar abnormalities were found to be independently associated with poorer performance on some neuropsychological tests. The contribution of the anterior temporal lobe to cognitive functions, such as attention, language, and executive functions beside memory, has been investigated by clinical and neuroimaging studies [45] [46] [47] . The SR test includes memorizing material with an inherent semantic structure [48] . Neuroimaging studies have found an activation of temporal neocortex when stories were compared with unlinked sentences [49, 50] , and Maguire et al. [51] found activation of the temporal pole when standard stories were compared with unusual stories. Also, in a PET study, Bottini and collaborators [52] showed that a widespread distributed neural circuit, included temporo-prefrontal cortex, was involved during discourse comprehension. Overall, this suggests that this region may be involved when a level of linguistic processing is required beyond that associated with the lexical and semantic analysis of individual words, when sentences are linked to form a narrative [51] . TMT is one of five measures most commonly used by neuropsychologists in the domains of executive functioning [53] . Using a diffusion-tensor imaging to examine the relationship between executive function and white matter integrity in TLE, Wang et al. [54] found that patients performed significantly less well on measures of executive function included TMT. Takaya et al. [55] showed that TLE patients experiencing frequent seizures were more impaired in set-shifting on TMT (Part B) than those experiencing rare seizures, with a positive correlation with prefrontal hypometabolism as measured by PET. Similarly, Baldo et al. [47] , by means of voxel-based lesion symptom mapping, showed sVF impairment in patients with temporal neocortical lesions. All these findings suggest that the cognitive dysfunctions observed in TLE patients with a longer epilepsy duration could be due to an impairment of a temporo-frontal neural network [56] .
In the present study we did not found any significant difference in seizure outcome after surgery between patients with and without temporopolar abnormalities. With the exception of the study by Choi et al. [15] , this finding is consistent with those of several previous studies [17, [21] [22] [23] 42] . According to Naves et al. Table 3 Multiple logistic regression analysis with blurring as dependent variable, and age at onset, age at surgery, and side of surgery as independent variables (N = 60). [24], a limitation of the studies that investigated the impact of temporopolar abnormalities on postoperative outcome is that in most of them surgery consisted in ATL, whether TB/TA were present or not. However, to the best of our knowledge, the only study evaluating the influence of TB on seizure outcome in patients surgically treated for TLE-HS by transsylvian selective amygdalohippocampectomy or ATL, showed that limited and standard resections are equally successful regardless of the presence of temporopolar abnormalities [23] . Therefore, according to previous findings, current data seem not to support the hypothesis that temporopolar abnormalities have an intrinsic epileptogenicity in most patients with TLE-HS. Despite these evidence, however, the question whether the TB and/or TA may have a 'independent epileptogenic role' in the epileptogenic process of TLE is still pending. Further ultrastructural histopathological approaches and advanced neuroimaging studies are needed to shed further light on this issue.
This study has a number of limitations. First, the retrospective nature of the study prevented us to perform additional neuropathological examination (i.e. fibrinogen immunoreactivity to evaluate abnormalities in blood vessel and blood-brain barrier function) and ultrastructural study of the temporal pole. Second, although the inter-rater agreement was high, the qualitative nature of the neuroradiological assessment of temporopolar abnormalities prevented us to perform other quantitative analysis. This is particularly true due to the lack of advanced non-invasive neuroimaging techniques and post-processing analysis, including tractography and functional connectivity studies, which are considered an intriguing and promising way to investigate structural and functional networks between mesial structures and temporal pole. Also, while our patient sample is quite homogeneous, it is relatively small, due to the unavailability of MRI studies performed before 2004 and to our decision to exclude from the present work the few patients who underwent preoperative high resolution MRI study. Finally, all patients came from a single site, so the findings may not generalise to other epilepsy centres.
Given these limitations, the topic examined in this study deserves further investigation and more targeted, larger multicentric cohorts studies with standardized neuroimaging protocols to investigate the contribution of temporopolar abnormalities to the long-term postoperative seizure outcome of patients with TLE-HS.
Conclusions
Temporal pole abnormalities are common MRI findings in TLE-HS patients and contribute in lateralizing the epileptogenic zone, which seems to be not wider than in patients without these abnormalities. Although their etiopathogenesis is not yet fully elucidated, temporopolar abnormalities might be considered as a marker of epilepsy chronicity in TLE-HS.
